Pseudomonas aeruginosa was studied for its effects on T-cell-mediated responses in mice, as exemplified by anti-Listeria immunity and delayed-type hypersensitivity to sheep erythrocytes. Immunity to Listeria monocytogenes was measured by quantitation of bacteria in spleens and mortality; delayed hypersensitivity to sheep erythrocytes was tested by the footpad reaction. Three different preparations of P. aeruginosa were used: the supernatant of a heat-killed culture, living bacteria, and heat-killed organisms. Similar results were obtained with the three preparations.
The host-parasite relationship in infection is predominantly concerned with humoral and cellular responses toward the infecting organism. However, increasing attention has been directed towards the ability of some microorganisms to alter immunity, especially cell-mediated immunity, of the host (24) . It has been reported that Pseudomonas aeruginosa inhibits cellular immunity, as evidenced by prolonged survival of skin homografts in humans and laboratory animals (6, 25) , suppression of tuberculin skin reaction in guinea pigs (6) , and depression of contact sensitivity to oxazolone in mice (3, 4) .
The mechanism of this suppression of cellmediated immunity remains unclear. Schwab (24) has speculated that it may be due to a nonspecific antiinflammatory property of the Pseudomonas extracts, causing the suppression of effector T cells. However, Campa et al. (2) have recently reported that P. aeruginosa depresses contact sensitivity to oxazolone in mice by activating B suppressor cells.
To investigate the mechanism of this suppression of cell-mediated immunity, we chose to study the effects of P. aeruginosa on the cellular immunity to Listeria monocytogenes and the delayed hypersensitivity to sheep erythrocytes (SRBC). Both cell-mediated anti-Listeria immunity and delayed-type hypersensitivity (DTH) are T-cell-mediated responses.
It was found that P. aeruginosa supernatant as well as living and killed bacteria suppressed nonspecifically L. monocytogenes immunity and delayed hypersensitivity to SRBC. Both the expression and the induction of these two cellmediated immune responses were inhibited. Immunosuppression could be transferred by spleen cells and peritoneal exudate cells (PEC) from P. aeruginosa-treated mice. The suppressor activity of spleen cells was lost by removing adherent cells. Conversely, adherent, anti-immunoglobulin-treated, heat-killed spleen cells still suppressed the immune response.
(A preliminary report of this work was pre- P. aeruginosa. The P. aeruginosa strain was originally isolated from the blood stream of a burned patient with Pseudomonas septicemia and has been described previously (19) . The 50%o lethal dose, determined by the method of Reed and Muench (22) 18 -h incubation, the broth culture was centrifuged at 2,000 x g for 10 min (4°C), washed twice, and suspended in 0.9%o sterile saline. The desired concentration was adjusted by using a predetermined curve that related viable counts to optical density at 540 nm. The number of viable bacteria was confirmed after serial dilution by counts of bacterial colonies. Mice were inoculated i.v. (0.5 ml) with 2 x 106 living bacteria or with 3 x 108 bacteria killed at 65'C for 1 h.
Pseudomonas antigen preparation. Antigen from P. aeruginosa 0:6 was prepared according to a procedure described previously (19) and consisted of the supernatant fluid of a heat-killed, 2-week-old, protein-free broth culture. The supernatant fluid was concentrated 10-fold before storage at -20°C. Mice were inoculated i.v. with 0.5 ml.
Assay for L. monocytogenes immunity. L. monocytogenes was maintained in a virulent stage by passage in mice and recovery from the spleen. Preparation of the inoculum and quantitation of L. monocytogenes were previously described (18, 20 (23) . The plates were washed twice with physiological saline. To remove adherent cells, a 1:5,000 EDTA buffer (GIBCO Diagnostics) was added to the plates and allowed to incubate for 25 min at 37°C. After incubation, the adherent cells were harvested by pouring off the EDTA, gently scraping with a rubber policeman, and rinsing twice with Hanks balanced salt solution. Adherent and nonadherent cells were counted and transferred at a concentration of 15 x 106 nonadherent and 9 x 106 adherent cells per mouse.
Treatment with anti-immunoglobulin serum. Sheep anti-mouse immunoglobulin antiserum was obtained from Institut Pasteur Production and was inactivated at 56°C for 30 min before use. P. aeruginosa-treated spleen cells (8 x 107) were pelleted and suspended in 1 ml of a 1:5 dilution of anti-mouse immunoglobulin serum and incubated for 30 min at 4°C. After incubation, the cells were centrifuged and resuspended at the same concentration in a 1:5 dilution of mouse spleenabsorbed guinea pig complement (Institut Pasteur Production) and incubated for 30 min at 37°C. The cells (Table 2 ). The number of Listeria recovered from the spleen 1 h after the challenge inoculation was the same in P. aeruginosa-treated and untreated mice (Table 3) 1 ) that P. aeruginosa injected i.v. into normal recipient mice 1 day before they were infused with spleen cells from immune donors prevented them from expressing adoptive immunity to a Listeria challenge injection. Figure 1 shows that, whereas in control recipients of immune spleen cells bacterial counts in spleen were low, spleens of P. aeruginosa-treated recipients harbored high counts of Listeria. P. aeruginosa treatment had a similar effect on the expression of adoptively acquired DTH (Fig. 1) (Fig. 2) ty of splenic cells from immunized donors to transfer protection to Listeria challenge infection or DTH to SRBC. Similar results were obtained with living and killed P. aeruginosa. Note the small suppressive effect of splenic cells from P. aeruginosa-treated donors on immunity to Listeria.
Transfer of P. aeruginosa-induced suppression by spleen cells. In the previous experiments a small adverse effect was observed after transfer of spleen cells from P. aeruginosa-treated mice. Thus, it appeared that spleen cells were capable of transferring immunosuppression induced by P. aeruginosa. As the P. aeruginosa effect was observed when the bacteria were injected i.v. 1 day before immunization, suppressive activity of spleen cells was tested 1 day after P. aeruginosa treatment. Transfer of spleen cells from P. aeruginosa-treated mice into normal recipients resulted in a suppressed immune response to subsequent challenge with L. monocytogenes or SRBC (Fig. 3) .
Transfer of spleen cell sonic-extracts from P. aeruginosa-treated mice was not effective, suggesting that the effect was not due to a carryover of Pseudomonas products with the transferred cells.
Characterization of P. aeruginosa-induced suppressor cells. Splenic cells from P. aeruginosa-FIG. 1 . Effect of P. aeruginosa (P.a.) antigen on expression of adoptive immunity. Immunity to Listeria (L.m.) and delayed hypersensitivity to SRBC was passively transferred with spleen cells harvested from mice immunized 7 (Listeria) or 4 (SRBC) days before. Immune cells and antigen were injected into recipient mice treated 1 day before with P. aeruginosa. Resistance to Listeria was measured 2 days later by bacterial counts in the spleen, and delayed hypersensitivity to SRBC was quantitated 1 day later by footpad increase. (Fig. 3) . Thus, the immunosuppression could be transferred with whole spleen cells but not with nonadherent spleen cells. Similar results were obtained with living and killed P. aeruginosa. Table 4 shows that the adherent cells evidently suppressed the immunity to Listeria. Furthermore, the suppressive activity of spleen cells from P. aeruginosa treated-mice was fully retained after their incubation with anti-mouse immunoglobulin in the presence of guinea pig complement and after they were heated at 56°C.
Since the previous experiments suggested that splenic macrophages were responsible for the osa (P < 0.001) than in mice transferred with suppressive effect, we transferred PEC obtained normal PEC (Table 5) . from mice treated with P. aeruginosa into nor-DSUSO mal recipient mice. These recipient mice were DSUSO simultaneously inoculated with Listeria, and 7 The data presented in this paper show that P. days later they were challenged with the same aeruginosa, when given i.v. before immunizaorganism. The number of Listeria per spleen tion with L. monocytogenes, significantly dewas significantly higher in mice transferred with creases the resistance of mice to a challenge PEC derived from mice treated with P. aerugin-with the latter organism. ity and increased rate of multiplication of Listeria within the spleen were observed.) Similarly, P. aeruginosa suppresses the delayed hypersensitivity response to SRBC when given before immunization.
Furthermore, the data suggest that P. aeruginosa induces in the spleen of mice immunosuppressive cells which inhibit immunization with Listeria and SRBC. P. aeruginosa may act at the induction or the expression stage of these two cell-mediated immune responses. The results of this study suggest a dual effect of P. aeruginosa: it might interfere with macrophage function as well as T-lymphocyte function.
The immunosuppression induced by P. aeruginosa-treated spleen cells was mediated by adherent cells. The nonadherent cells from P. aeruginosa-treated mice exerted no suppressor effect. Heat killing and treatment with antimouse immunoglobulin did not abrogate the suppressor activity. It is known that heat-killed macrophages retain the capacity to suppress immune responses in Mishell-Dutton cultures whereas other types of heat-killed spleen cells, including lymphocytes, do not (21) . These results and the data presented on PEC can be interpreted to suggest that the "suppressor" cell is most likely the macrophage. However, the evidence is not entirely complete since only depletion-type experiments were used with spleen cells and since PEC were not fractionated. Indeed, immunosuppression was not specific.
There have been several previous reports of bacteria-induced suppressor cells (2) (3) (4) (5) (10) (11) (12) . For instance, Klimpel and Henney (11) reported finding an adherent cell population in Mycobacterium bovis BCG-infected mice which inhibits cytotoxic T-cell generation in vitro. Kirchner et al. (10) reported that the injection of Corynebacterium parvum produces a marked depression of mitogen responsiveness and an inhibition of lymphoma cell growth in vitro. These suppressor cells are not antigen specific and they have the character of macrophages. In this regard, the character of the suppressor cells in the present study is consistent with that of the suppressor cells mentioned above.
However, there are other reports on suppressor cell induction by BCG and Corynebacterium in which the suppressor cells have the character of T cells. For instance, Collins and Watson (5) reported that mice heavily infected with BCG develop T-cell populations within their spleen which are capable of suppressing both nonspecific mitogenic and specific antigenic proliferative responses in vitro. Kobayashi et al. (12) reported that Corynebacterium liquefaciens induces suppressor T cells in graft-versus-host reactions. P. aeruginosa has been shown to suppress cell-mediated immune responses (delayed hypersensitivity and skin homograft rejection). Whether this suppression results from suppressor cells or another mechanism is unclear. However, Colizzi et al. (4) have studied the effect of P. aeruginosa on contact sensitivity to oxazolone in mice and have shown that the lymph nodes draining the site of sensitization contain a cell population able to suppress the response to the same antigen of recipients sensitized immediately before the cell transfer. They also reported that P. aeruginosa activates B suppressor cells that affect the induction phase of the immune response by blocking the cooperation between "stimulator" macrophages and "initiator" T cells on the one hand and "recruited" T cells on the other hand (2) . In contrast, our own data strongly suggest that the suppression is mediated by macrophage-like suppressor cells and not by T or B cells.
However, the enhancement of infection and the depression of DTH caused by P. aeruginosa may be explained by mechanisms other than generation of suppressor cells. Wing and Kresefsky-Friedman (26) reported an increased susceptibility to L. monocytogenes in mice treated with C. parvum. They suggested that the increased susceptibility may be due to delayed macrophage activation resulting from suppression of thymus-derived lymphocyte responses.
The effect reported in this study was observed with P. aeruginosa antigen (supernatant of a EFFECT OF P. AERUGINOSA ON IMMUNITY TO LISTERIA 907 heat-killed culture) as well as with living and heat-killed organisms. Thus, some thermostable constituent of P. aeruginosa, such as endotoxin or slime, might be responsible for the immunodepression. The infection-enhancing action of endotoxin has been observed with a variety of organisms. Newborg and North (17) reported that i.v. injection of bacterial endotoxin into mice at any time during ongoing infection with L. monocytogenes resulted in a markedly increased multiplication of this organism in the liver and spleen. They suggested that the infection-enhancing property of endotoxin probably resides in its capacity to interfere with the antibacterial function of macrophages rather than with T-lymphocyte function.
Complex and opposing effects of lipopolysaccharide (LPS) on DTH have been observed, depending upon the dose, route, and timing of injections of both endotoxin and antigen. Lagrange et al. (13, 14) demonstrated that LPS suppresses the induction of DTH to SRBC in mice when given before antigen injection; this is due to a depression of T-cell activity. On the other hand, DTH is suppressed by LPS given at the height of the T-cell response (day 4). This effect is due to the action of LPS on the accessory cells (monocytes) needed for the expression of DTH. It was also shown that LPS, in conjunction with antigen (SRBC), induces a population of specific suppressor B cells which are capable of inhibiting DTH to SRBC (9) . In the studies reported above, the amount of endotoxin required to produce the suppression of DTH was 100 tsg.
In the present report, the role of the endotoxin of P. aeruginosa cannot be ruled out. However, minute amounts would have to be able to exert the immunosuppressive effect observed in this study, since the amount of endotoxin contained in 2 x 108 gram-negative bacteria such as salmonella (dose of heat-killed P. aeruginosa, 3 x 108) was only 1 ,ug (M. Parrant, personal communication).
It has been observed recently by Galleli et al. Thus, a possible explanation for the suppressive effect we report here would be that the depression of cell-mediated immune responses by P. aeruginosa is a reflection of the enhanced activity of the mononuclear phagocytes. The LPS-induced hyperplasia of the reticuloendothelial system would cause a reduction in the effective antigenic dose of Listeria or SRBC, by increased destruction (1). Thus, the P. aeruginosa-induced suppressor cells described here would be synonymous with, or a subpopulation of, "activated" macrophages.
In conclusion, it seems reasonable to suggest that P. aeruginosa contains a cellular component which depresses the cell-mediated immune responses such as anti-Listeria immunity and DTH and that P. aeruginosa induces adherent suppressor cells with macrophage-like properties. Further studies will have to characterize these suppressor cells and to investigate the mechanism of their inhibitory function.
